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(57) ABSTRACT

An electric machine (10; 100) comprises a rotor (14) having
permanent magnets (24) and a stator (12) having coils (22)
wound on stator bars (16) for interaction with the magnets
across an air gap (26a, b) defined between them. The rotor has
two stages (14a, b) arranged one at either end of the bars. The
bars have a shoe (184, 8) at each end of each bar that links
magnetic flux through the bars with said magnets on each
stage. Adjacent shoes facing the same stage of the rotor have
ahigh-reluctance shoe gap (27) between them; adjacent mag-
nets on each stage of the rotor have a high-reluctance magnet
gap (25) between them; and the shoe and magnet gaps (25, 27)
are angled with respect to each other such that they engage
progressively as the rotor rotates. Alternatively, the shoes
facing each stage are in a ring of connected shoes such that the
magnets experience a continuous reluctance that is at least
90% constant as a function of rotor position. The bars (16) and
shoes (18) are formed separately from one another and at least
apart of each is formed by moulding soft-iron particles so that
the particles have a short dimension that is arranged trans-
verse a reluctance-plane. The bars and shoes are assembled so
that the reluctance-plane of the bar is parallel a longitudinal
axis (16a) of the bar and said reluctance-plane of the shoe is
transverse said longitudinal axis.

16 Claims, 11 Drawing Sheets
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1
ELECTRIC MACHINE—FLUX

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a 35 USC 371 national phase of Inter-
national Application No. PCT/GB2010/050237 filed Feb. 12,
2010, which claims priority to U.K. Patent Application No.
0902390.4 filed Feb. 13, 2009, the contents of all of which are
hereby incorporated herein by reference in their entirety.

This invention relates to a permanent magnet electric
machine comprising a stator and a rotor journalled for rota-
tion in the stator. The stator is provided with coils wound on
and the rotor is provided with permanent magnets to cooper-
ate with the coils across an air gap between the rotor and
stator. The machine may be either a motor or a generator and
is in many embodiments an axial flux machine. In particular
it relates to a yokeless and segmented armature machine,
hereinafter termed a “Y machine”.

BACKGROUND

Woolmer and McCulloch [1] describe the topology of aY
machine, discussing its advantages of reduced iron in the
stator enabling an improvement in torque density. It com-
prises a series of coils wound around bars spaced circumfer-
entially around the stator, ideally axially disposed, (ie parallel
the rotation axis of the rotor). The rotor has two stages com-
prising discs provided with permanent magnets that face
either end of each coil of the stator. The magnetic path at any
stage of operation is: through a first coil into a first magnet on
a first stage of the rotor; across a back iron of the rotor to an
adjacent second magnet on the first stage; through a second
coil of the stator adjacent the first coil; into a first magnet on
the second stage of the rotor aligned with the second magnet
on the first stage; across the back iron of the second stage to a
second magnet on the second stage and aligned with the first
magnet on the first stage; and completing the circuit through
the first coil.

One difficulty with electric machines generally is to pro-
vide adequate cooling. This is a particular problem with aY
machine having a high torque density that significant heat is
generated in the coils at high torques and is often a limiting
factor in the torques that can be employed, at least for
extended periods of time.

Another difficulty with electric machines generally is
torque ripple caused by cogging. Again, this is a particular
problem with a Y machine since the discrete coils do not
overlap and indeed rely on magnetic separation, not only
between adjacent coils on the stator but also between adjacent
magnets on the rotor. Clearly, this problem is reduced to some
extent by providing different numbers of permanent magnets
on the rotor versus coils on the stator, but since magnets are
aligned with one another as the “cog” between adjacent mag-
nets engages with the corresponding “cog” between adjacent
coils there is an inevitable torque ripple.

Magnetic connection between the coils and the permanent
magnets depends on a strong magnetic field being developed
through the coils, either by the magnets in the case of a
generator or by the coils themselves in the case of a motor and
the permeability of the magnetic circuit should be as low as
possible to permit the maximum flux density through the
coils. For this purpose a high permeability core or bar is
provided around which the coils are wound. However, the bar
is preferably laminated or otherwise arranged to reduce the
incidence of eddy currents in the bar. Also, the bars are pref-
erably provided with shoes to spread the flux in the air gap and
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reduce the flux density therein—the air gap is of high reluc-
tance and increasing its area reduces that reluctance, which
means that less permanent magnet material can be used. It is
desirable to reduce the amount of such material to a mini-
mum.

WO-A-2006/066740 discloses a Y machine comprising a
housing having a cylindrical sleeve mounting stator coils
internally, the sleeve being hollow whereby cooling medium
is circulated. However, the coils are embedded in a thermally
conducting material to carry heat to stator housing. A rotor is
rotatably journalled in the housing. The stator bars appear to
be laminated, as they are in GB-A-2379093 that also dis-
closes aY machine, as does WO-A-03/094327.

U.S. Pat. No. 6,720,688 discloses aY machine in which the
rotor acts as a vane pump to circulate fluid within a chamber
defined by a stator housing through which a rotor shaft, sup-
ported on bearings in the housing and carrying the rotor,
extends. The fluid cools stator coils. US-A-2005/0035676
discloses another Y machine, particularly adapted for gear-
less drive of a vehicle wheel.

US-A-2007/0046124 discloses a Y machine in which the
rotor has two circumferentially arrayed rows of alternating
segments of permanent magnets and ferromagnetic pole
pieces.

BRIEF SUMMARY OF THE DISCLOSURE

In accordance with a first aspect of the present invention
there is provided an electric machine comprising a rotor hav-
ing permanent magnets and a stator having coils wound on
stator bars for interaction with the magnets across an air gap
defined between them, wherein the rotor has two stages
arranged one at either end of the bars and wherein the bars
have a shoe at each end of each bar that links magnetic flux
through the bars with said magnets on each stage, and
wherein adjacent shoes facing the same stage of the rotor have
a high-reluctance shoe gap between them, and adjacent mag-
nets on each stage of the rotor have a high-reluctance magnet
gap between them, wherein the shoe and magnet gaps are
angled with respect to each other such that they engage pro-
gressively as the rotor rotates, and wherein the shoe on one
side of each coil facing a first of said two stages is skewed with
respect to the shoe on the other side of the respective coil
facing the second of said two stages.

Said shoe gaps between adjacent shoes at either ends of the
bars that carry them may cross the magnet gap at the same
rotational positions of the rotor with respect to the stator. That
is, looking in the axial direction of the machine, the shoe gaps
at either end of the bars define an X-shape so that the sector
which both of them in combination sweep when crossing the
magnet gap is the same as the sector which either one of them
alone sweeps. However, it need not be this way, and the shoe
gaps could define more of a V-shape where by the sector
swept by them both in combination is twice the sector swept
by each individually.

In the latter case, although the coil on a given bar and the
magnet pair on the rotor stages are aligned, the coil at one end
begins to engage the first magnet of the pair before the other
magnet. Preferably, the skew is such that there is no alignment
in the direction of magnetic flux of the high-reluctance gaps at
each end of each bar.

Preferably, when viewed in an axial direction with respect
to the axis of rotation of the rotor, said shoes are four-sided,
with inner and outer sides being arcs or tangents of circles
centred on said rotation axis and said other sides being a
leading and trailing edge of the shoe, wherein said leading
and trailing edges are chords of one of said circles, each radius
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of'that circle that intersects each chord and that circle making
the same angle with the respective chord.

In accordance with a second aspect of the present invention
there is provided an axial flux electric machine comprising a
rotor and a stator, wherein the rotor has a rotation axis and has
permanent magnets spaced circumferentially around said
axis on first and second stages of the rotor, and the stator is
disposed between said stages and has a plurality of coils
disposed around said axis and each coil being wound on a
stator bar for magnetic interaction with the magnets across an
air gap defined between the rotor and stator, wherein each bar
has a shoe at each end of the bar that links magnetic flux
through the bar with said magnets on each stage, and wherein
the shoes facing each stage are in a ring of connected shoes
such that the magnets experience a continuous reluctance that
is at least 90% constant as a function of rotor position.

90% is a somewhat arbitrary limit to indicate that there may
well still be some residual reluctance variation, but it is minor.
Preferably, said rings of connected shoes are on two integral
annular components, one including some or all of the bars of
the stator, some or all of parts of them, and the other including
any remaining bars of the stator, or parts of them, said coils
being disposed on the bars before the annular components are
connected together to complete construction of said stator.

Said annular components may, indeed, preferably are,
pressed in a mould from soft-iron particles to form a soft iron
composite. Alternatively, each said annular component may
be formed from a lamination ring from which slots defining
said bars have been cut. The winding of the lamination ring is
around the rotation axis of the rotor, of course.

In any event, preferably, the annular components are iden-
tical. They may comprise interfaces adapted to facilitate con-
nection of said annular components. Said interfaces may
comprise a stud and socket, wherein the stud on each bar of
one component engages the socket of a facing bar on the other
component. Thus where the annular components are identi-
cal, they may be mated to connect them together and the
interfaces are arranged so that this can be done.

Preferably, high reluctance gaps are provided between
each shoe of each component, said gap comprising a thinning
of the connection between each shoe. These gaps prevent
magnetic short-circuiting of the coils, although they have a
corollary effect of undermining to a small extent the smooth,
cogless operation, and a compromise is necessary.

In accordance with a third aspect of the present invention
there is provided an electric machine comprising a rotor hav-
ing permanent magnets and a stator having coils wound on
stator bars for interaction with the magnets across an air gap
defined between them, wherein the bars have shoes that link
magnetic flux through the bars with said magnets, and
wherein the bars and shoes are formed separately from one
another and at least a part of each is formed by moulding
soft-iron particles so that the particles have a short dimension
that is arranged transverse a reluctance-plane, and the bars
and shoes are assembled so that said reluctance-plane of the
bar is parallel a longitudinal axis of the bar and said reluc-
tance-plane of the shoe is transverse said longitudinal axis.

The alignment of the short dimension of the particles trans-
verse said reluctance-planes results in each reluctance-plane
having a minimum reluctance. Preferably, said particles of at
least the bars have a single longitudinal dimension and said
particles are also aligned so that their longitudinal dimension
is parallel a reluctance-direction in said reluctance-plane,
said reluctance-direction of the bars being parallel said lon-
gitudinal axis of the bar. If the particles of the shoes have a
single longitudinal dimension, preferably said reluctance-
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direction is radial with respect to said longitudinal axis when
the bars and shoes are assembled.

Said moulding of said soft-iron particles may be by press-
ing round soft iron particles in a direction transverse to said
reluctance-plane whereby the particles are flattened to pro-
duce said short dimension. Alternatively, said moulding may
be of already flattened particles, or of elongate particles.
Elongate particles may be aligned prior to moulding by use of
a magnetic field. Moulding includes shaping.

Preferably, the rotor has two stages arranged one at either
end of the bars and shoes are provided at each end of each bar.
Preferably, the electric machine is an axial flux machine and
the bars are arranged parallel the rotor rotation axis.

The bars may include a rolled sheet of ferromagnetic mate-
rial whose axis of roll is arranged parallel said longitudinal
axis. The sheet itself is preferably rolled in production in a
direction parallel their roll in the bars, whereby the grains of
the material are themselves oriented in the eventual direction
of flux, ie parallel said longitudinal axis. Said roll may be
disposed around a shaped soft-iron pressed-particle core,
whereby the cross section of the bar perpendicular said lon-
gitudinal axis is substantially trapezoidal. Alternatively, said
roll may be the core of a shaped annulus of pressed soft-iron
particles, whereby the cross section of the bar perpendicular
said longitudinal axis is substantially trapezoidal.

In accordance with a fourth aspect of the present invention
there is provided an axial flux electric machine comprising a
rotor and a stator, wherein the rotor has a rotation axis and has
permanent magnets spaced circumferentially around said
axis on first and second stages of the rotor, and the stator is
disposed between said stages and has a plurality of coils
disposed around said axis and each coil being wound on a
stator bar for magnetic interaction with the magnets across an
air gap defined between the rotor and stator, wherein each
rotor stage comprises a non-ferromagnetic carrier on which is
disposed an annulus of permanent magnets having their mag-
netic polarities substantially parallel said rotation axis and
alternating between adjacent magnets, adjacent magnets
being linked by a ferromagnetic connecting piece disposed on
back-sides of the magnets remote from the stator, each con-
necting piece having a relatively low magnetic capacity
where it connects with a middle region of said back-side of
each magnet and a relatively high magnetic capacity where it
connects between adjacent magnets.

Preferably, said connecting pieces have side edges that are
radial, a plane face between said edges that abut said magnets
and flanks that rise from said edges away from said plane face
to a central ridge. Said ridge may be flat and triangular or
trapezoidal and abuts said non-ferromagnetic carrier. Said
connecting pieces may be truncated sectors of a circle in axial
view. Bolts may connect the magnets through said connecting
piece to said carrier.

In accordance with a fifth aspect of the present invention
there is provided an axial flux electric machine comprising a
rotor and a stator, wherein the rotor has a rotation axis and has
permanent magnets spaced circumferentially around said
axis on first and second stages of the rotor, and the stator is
disposed between said stages and has a plurality of coils
disposed around said axis and each coil being wound on a
stator bar for magnetic interaction with the magnets across an
air gap defined between the rotor and stator, wherein each
rotor stage comprises a non-ferromagnetic carrier on which is
disposed an annulus of permanent magnets having their mag-
netic polarities arranged substantially circumferential with
respect to said rotation axis and alternating between adjacent
magnets, adjacent magnets being separated by ferromagnetic
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connecting pieces, whereby said connecting pieces define
alternating magnetic poles with respect to the stator coils.

Said connecting pieces are made by pressing soft magnetic
composite material into the desired shape.

In an embodiment an electric machine comprises a rotor
having permanent magnets and a stator having coils wound
on stator bars for interaction with the magnets across an air
gap defined between them, wherein the bars and coils thereon
are enclosed by a stator housing that extends between the air
gap and defines a chamber incorporating cooling medium to
cool the coils.

Preferably, the electric machine is an axial flux machine,
said bars being disposed circumferentially spaced around a
rotational axis of the rotor and, preferably, parallel thereto,
the rotor comprising two stages each having permanent mag-
nets interacting with each end of the bars.

Said stator housing may comprise two annular plates and
two cylindrical walls, the annular plates including recesses to
locate the bars within the chamber.

Preferably, the material of the stator housing is non-mag-
netic and non-conducting. However, in the case of separate
annular plates and cylindrical walls, said cylindrical walls are
preferably aluminium and said annular plates are plastics
material. Alternatively, said annular plates may be integral
with said cylindrical walls, which cylindrical walls are in this
case split around their circumference and connected together
along inner and outer circumferential seams. The splitmay be
central defining two clamshells. The clamshells may be sub-
stantially identical, possibly being “mirror” images so that
they fit one another, facilitating seam welding around the
joins at the splits. In this case, the clamshells may be plastics
mouldings.

Preferably, said annular plates are thinned at the ends of the
bar to minimize the gap between the bars and the magnets on
the rotor. Preferably, said cylindrical walls are an inner and
outer wall, said outer wall having means to mount the
machine and said inner walls comprising means to mount
bearings for the rotor.

Preferably, the rotor stages each comprise an annular dish,
whose outer rims mount said permanent magnets and whose
inner rims are connected together enclosing said bearings.
The rotor stages are dish-shaped to increase their rigidity in a
radial plane (ie a plane perpendicular to the rotation axis of
the rotor and also, preferably, perpendicular to the stator
bars).

Preferably, the stator housing insulates the magnets from
heat generated in said coils. Preferably, said stator housing
includes ports for supply and drainage of said cooling
medium. The cooling fluid may be pumped through the
machine through an inlet near the bottom of the machine, and
out of'an outlet near the top. Fluid may flow around the outer
and inner radii of the coils, some fluid also flowing between
the coils. Preferably, the cooling fluid flows back and forth
between the outer and inner radius on plural occasions by
reason of blocks disposed between the coils and the stator
housings, whereby the fluid is forced in between the coils.
There may be between two and eight transitions of the fluid
flow between the coils. The cooling flow may alternatively be
split, with some flowing around the inner diameter of the coils
from the inlet, and the rest flowing at the outer diameter in the
opposite direction, some fluid flowing also between the coils.
Preferably, the chamber is lined with a lacquer or resin coat-
ing that insulates electrically the chamber and its contents
from direct contact with the cooling medium.

Indeed, the present invention provides a method of con-
structing an electric machine as defined above comprising the
steps of: assembling the machine; filling the chamber with
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liquid resin or lacquer to wet all the internal surfaces of the
chamber including its contents; removing the resin to leave a
coating of the resin on the internal surfaces of the chamber;
and curing the resin to form an electrically insulating layer on
said internal surfaces.

In accordance with other aspects of the present invention,
there is provided electric machines that incorporate some or
all of the foregoing aspects (where they are not mutually
exclusive), such combinations being evident to the skilled
person. Whereas the following description of specific
embodiments may include or exclude different aspects men-
tioned above, this is not to be understood as being significant.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention are further described here-
inafter with reference to the accompanying drawings, in
which:

FIG. 1 is a schematic side view of a yokeless and seg-
mented armature machine to which the present invention
primarily (but not exclusively) relates;

FIG. 2 is a perspective view of the arrangements of FIG. 1;

FIG. 3 is a perspective exploded view of a stator housing
and stator of a machine in accordance with an aspect of the
present invention;

FIG. 4 is a perspective exploded view of a stator in accor-
dance with an aspect of the present invention;

FIGS. 54, b and ¢ are respectively an end view, a section on
the line B-B in FIG. 5a and a perspective view of a stator in
accordance with an aspect of the present invention;

FIGS. 6a, b ¢ and d are respectively an exploded perspec-
tive view of a stator bar and shoes in accordance with an
aspect of the present invention, an end view of another
embodiment of bar, an end view of a further embodiment of
bar, in accordance with this aspect of the invention, and a
perspective view of a composite stator bar and resultant flux
paths;

FIGS. 7, 8 and 9 are respectively a cut perspective view, a
slice and a section (both of the latter views being in the cut
plane of FIG. 7) of an electric machine in accordance with an
aspect of the present invention;

FIGS. 10 and 11a are respectively a section and a slice on
the lines 10-10 and 11-11 respectively in FIG. 9;

FIG. 115 is a schematic illustration corresponding to FIG.
11a, but with a different coolant flow arrangement;

FIGS. 12 and 13 are respectively a side and an end view in
the direction of the Arrows XII and XIII respectively in FIG.
9;

FIGS. 14a, b and ¢ are a perspective view of the magnetic
part of a rotor in accordance with another aspect of the present
invention, a closer view of inset B in FIG. 144, and a sche-
matic side view of the magnetic part connected to a non
magnetic base; and

FIGS. 154 and b are a perspective view of the magnetic part
of a rotor in accordance with a still further aspect of the
present invention, and a schematic side view of the magnetic
part connected to a non-magnetic base.

DETAILED DESCRIPTION

A yokeless and segmented armature machine 10 is illus-
trated schematically in FIG. 1. The machine 10 comprises a
stator 12 and two rotors 14a, b. The stator 12 is a collection of
separate stator bars 16 spaced circumferentially about a rota-
tion axis 20 of the rotors 14a, b. Each bar 16 has its own axis
164 which is disposed parallel to the rotation axis 20. How-
ever, that is not absolutely essential. In an axial flux machine,
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the axis 164 is indeed parallel the rotation axis 20. However,
it can be disposed at any angle thereto, even radially with
respect to the rotation axis 20. The following discussion is in
respect of an axial flux machine, but this should not be under-
stood to be limiting in any sense and, where the context
permits, the invention equally applies to other inclinations of
the stator bars 16.

Each end of each stator bar is provided with a shoe 184, b
which serves a physical purpose of confining a coil stack 22,
which stack 22 is preferably of square section insulated wire
(or possibly rectangular section) so that a high fill factor can
be achieved. The coils 22 are connected to an electrical circuit
(not shown) that (in the case of a motor) energizes the coils so
that the poles of the resultant magnetic fields generated by the
current flowing in the coils is opposite in adjacent stator coils
22.

The two rotors 14a, b carry permanent magnets 24a, b that
face one another with the stator coil 22 between. Indeed, in
the axial flux machine, the rotors and their magnets are radi-
ally disposed, but when the stator bars are inclined, then they
are likewise. Two air gaps 26a, b are disposed between
respective shoe and magnet pairs 18a/24a, 185/24b. There are
an even number of coils and magnets spaced around the axis
of rotation 20 and, preferably, there are a different number of
coils and magnets so that each coil does not come into regis-
tration with a corresponding magnet pair all at the same time
and at the same rotational position of the rotor with respect to
the stator. This serves to reduce cogging.

In a motor (with which the present invention is primarily
concerned) the above-mentioned electric circuit is arranged
to energize the coils 22 so that their polarity alternates serving
to cause coils at different times to align with different magnet
pairs, resulting in torque being applied between the rotor and
the stator. The rotors 14a, b are generally connected together
(for example by a shaft, not shown) and rotate together about
the axis 20 relative to the stator 12, which is generally fixed
(for example in a housing, not shown). One advantage pro-
vided by the arrangement is illustrated in FIG. 1 in that the
magnetic circuit 30 is provided by two adjacent stator bars 16
and two magnet pairs 24a, b. Thus, no yolk is required for the
stator 12, although a back iron 324, b is required for each rotor
linking the flux between the back of each magnet 24a, b
facing away from the respective coils 22.

Thus, in the case of a motor, by appropriate energization of
the coils 22, the rotor 14 can be urged to rotate about the axis
20. Of course, in the situation of a generator, rotation of the
rotor 14a, b induces currents in the stator coils 12 according
to the changing magnetic flux induced in the stator bars 16 as
the rotors 14a, b rotate.

However, in either case heat is generated in the coils 22 and
the efficiency of the machine is reduced, and its capacity
limited, if this heat is not removed. Accordingly, the present
invention suggests enclosing the stator coils 16 within a hous-
ing that extends through the air gap 26a, 4 and which is
supplied with a cooling medium.

Turning to FIG. 3, a stator 12a in accordance with a first
aspect of the present invention is shown in which the stator
coils are located between plastics material clam shells 42a, b.
These clamshells have external cylindrical walls 44, internal
cylindrical walls 46, and annular radially disposed walls 48.
The annular walls 48 include internal pockets 50 to receive
the shoes 18a, b of the stator bars 16 and serve to locate the
stator coil assemblies 16, 22, 184, b when the two clam shell
housings 424, b of the stator 12a are assembled together. The
stator housing 42a, b defines spaces 52 internally of the coils
22 and also externally at 54 around the outside of the coils 22.
Furthermore, there are spaces 56 between the coils. Although
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not shown in FIG. 3, when assembled, the stator housing 42a,
b is provided with ports that allow cooling medium (prefer-
ably electrically non-conducting liquid) to be pumped into
the spaces 52, 54, 56 to circulate around the coils and cool
them. Indeed, being made, preferably, from a plastics mate-
rial such as [polycarbonate] or other low heat-conducting
material, heat generated by the coils and conducted into the
shoes 184, b is retained within the housing and not transmit-
ted to the magnets 24a, b, which are particularly susceptible
to heat. Choice of the material employed for the clamshells
42a, b is to some extent dependent on the design working
temperature and, if this is low, many materials are suitable,
but, if it is high, then heat resistant material such as glass fiber
reinforced plastics material would be desirable. Further ref-
erence to the cooling arrangements of the present invention
are also described below with reference to FIGS. 7 to 13.

A preferred arrangement involves construction of the
machine as described above and then, when complete, filling
the spaces 52,54,56 with a sellable liquid resin or lacquer that
wets all the internal surfaces of those spaces, including the
coils 22. Once the resin has had the opportunity to penetrate
every space it is drained from the machine leaving only a
surface coating of the resin inside the chamber defined by the
spaces 52,54,56. Prior to draining, the chamber may be
evacuated in order to commit the liquid lacquer to penetrate
small spaces, especially between the wires of the coils 22.
When the vacuum is removed, resumption of atmospheric
pressure drives the lacquer into any remaining unoccupied
spaces. Indeed, the lacquer is preferably of low viscosity so
that it penetrates small spaces easily. After draining, the resin
cures (or is cured) to form an electrically insulating layer that
separates the spaces 52,54,56 from coils 22. By this means,
water can be employed as the cooling medium. Suitable lac-
quers are within the knowledge of a person skilled in the art.

Referring again to FIGS. 1 and 2, even without identical
numbers of magnets 24a, b and coils 22, an inherent problem
of the arrangement is the cogging effect that occurs as the
high-reluctance gaps 25 between adjacent magnets pass over
the corresponding gaps 27 between stator coil shoes 18a, b.

It is well known that coil cores for electric machines are
frequently made from steel laminations. Steel is an excellent
conductor of a magnetic field. It provides a low reluctance
path therefore and has low hysteresis loss. However, a prob-
lem with ferromagnetic materials is that they are generally
also electrical conductors. Therefore, the changing flux
through an electrical conductor creates eddy currents. These
are minimized by employing laminations that are separated
by an insulator, with the insulation being parallel to the
desired flux direction so that transverse electrical currents are
minimized. However, a new technique is meeting with some
success employing soft-iron particles coated with insulation
and moulded to a desired shape (soft magnetic composites-
SMC), being bound together by the resinous insulation. A
high-pressure compaction process is used to mould the com-
ponent into a complex shape, capable of producing three-
dimensional magnetic flux patterns with an excellent form
factor and enabling a high fill factor winding to be employed,
wound straight onto SMC teeth.

Turning to FIG. 4, a stator 125 in accordance with a second
aspect of the present invention is shown. This is a particularly
suitable arrangement of the stator in a low cost arrangement.
It has integral stator bars 16' formed from two, preferably
identical, components 754, b. Each component is an annulus
76 with upstanding bar-parts 78. The bar-parts may have
alternating studs 80 and pockets 82 on facing interfaces 81, so
that, when oriented to face one another, two identical com-
ponents 75a, b can be mated together, with the studs 80
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entering the pockets 82 of the other component. The two
components can be glued together. However, prior to assem-
bly, pre-wound coils 22 (shown schematically in FIG. 4 as
solid rings) are located on the bar parts 78 of one component
75a, b so that, when connected together, the components 754,
b and the coils 22 complete an assembly of the magnetic parts
of the stator 125.

The advantage of the arrangement shown in FIG. 4 is that
the magnets facing the annulus 76 on each side of the stator
are never presented with an air gap between adjacent stator
coils 22. Accordingly, the inherent problem of cogging men-
tioned above can be eliminated, or at least reduced—the
magnets see a continuous reluctance, which can be almost
constant as a function of rotor position. However, magnetic
connection between adjacent coils is to be discouraged, since
that short circuits the flux path and reduces the efficiency of
the motor. Accordingly, the annulus 76 is thinned at 84
between each bar part 78 so that the opportunity for magnetic
shorting is reduced. However, by providing a high reluctance
gap 84 between each stator coil this mitigates the anti-cog-
ging eftect of the complete metal face 76. Accordingly, there
is a balance to be made between smooth running of the motor
and its efficiency. Nevertheless, there is an optimum position
atwhich cogging is minimized to a substantial degree without
significant impairment of motor efficiency. An advantage of
the present embodiment is its potential low cost of manufac-
ture.

The components 754, b are advantageously constructed
from SMC material, each pressed in a single mould. However,
the simplicity of their shape also permits them to be manu-
factured from a single annulus of wound laminations (having
an axis of winding on the rotation axis 20), with slots 83
between adjacent bar parts 78 being cut out with a wire cutter.
Finally, the advantage of the present invention could be
achieved by employing the arrangements described above
with reference to FIGS. 2 and 3 but where the shoes 18 and
bars 16 are not constructed in a single annulus but each
independently. In this event, the shoes are sized so that they
contact one another when arranged in the motor and thereby
reduce cogging.

In FIGS. 5a and b, an alternative arrangement of the stator
12¢ is shown that also reduces cogging, but without affecting
the efficiency of the machine. Here, each stator bar 16 is
provided with its own shoe 18 so that there is a resultant air
gap 27a between them. Normally, this would result in the
cogging effect mentioned above. However, here, the air gap
27a is skewed relative to the radial direction by an angle a.,,
at least one side 18; of the shoe is skewed at this angle, the
radius in question passing through the bottom corner 18g of
the shoe. The other side 18/ of the shoe is skewed at an angle
o, that differ from a.,, by a quantity dependent on the width of
the air gap 27a. Be that as it may, the average value of o, and
., 1s between 1° and 45°, conveniently about 10° with the
number of pole pieces shown. The angle is selected to mini-
mize the cogging torque that the skilled person will be able to
determine without undue burden for any particular machine.
The stator bar 16 is trapezium shaped, as in the embodiments
described above, with rounded corners and the coils 22 are
likewise trapezium shaped around the cores formed by the
bars 16. They are symmetrically disposed with respect to the
rotation axis 20. This means that at opposite corners 184, fthe
coil 22 extends beyond the extremity of the shoe 18. However,
at least at the outer edge 18e, the shoe overlaps to a small
extent the coil 22 of the adjacent shoe. The trailing corner 18g
at least overlaps the coil 22 of its own stator bar 16.

To the right of FIG. 5 is shown, in dotted line, the air gap
27'a that is on the opposite side of the stator 12¢, the bottom
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corner 18'g of its shoe being fully visible. It can be seen,
therefore, that the two air gaps 27a, 27'a overlap in an axial
direction only in a small diamond shaped region 275. Assum-
ing that the high reluctance gaps 25 between the magnets on
the rotors are radial, then the effect of skewing the shoes is
that the transition from one magnet to another from the per-
spective of a particular stator coil is spread over a wider arc of
rotation of the rotor with respect to the stator than if the gaps
are both radial.

Of course, it is equally feasible to skew the magnet gaps 25
and the same effect can be achieved. That is to say, the shoe
gaps 27 could be radial, as they are in the embodiments
described above with reference to FIGS. 1 to 3, with the
magnet gaps inclined oppositely with respect to each rotor
14a, b. However, arranging for magnets to be provided in
such special shapes is costly and is not within the ambit of the
present invention. The stator shoes are preferably a pressed
partthatis easily shaped, and they may be designed as a single
part that is simply turned at each end of the stator coil bars to
provide oppositely directed skews. Nevertheless, a combina-
tion of skews of both the stator shoes and rotor magnets could
be arranged. In any event, it is desirable that the arc of tran-
sition, shown as the angle §§ (being the angle subtended
between the circumferential limits of the two shoe gaps 27a,
27'a), is equal to about half the sum of ¢, and a.,. Of course,
there is a balance to be struck, because the transition from one
magnet to another represents a region a torque reduction and
therefore spreading this has the corollary effect of concen-
trating the torque between the transitions.

It is also to be noted that the shoes 18 are chamfered
outwardly at 18% around the entire periphery of the shoe. This
assists in focusing the flux out of the plain of the shoes 18
towards the magnets 24aq, b.

Indeed, in an aspect of the present invention, the problem of
minimizing the reluctance of the material of the stator bar and
shoe in the direction of the magnetic flux is addressed in the
arrangement of FIGS. 6a to d. Thus while SMC material is
very suitable, as discussed above with reference to FIG. 4, it
should be noted that, while coated soft-iron particles have the
capacity to reduce eddy currents and generally to have a low
magnetic reluctance in all directions, they do not have the
best, that is to say, the minimum reluctance possible, which is
still in the domain of laminations, at least in the plane or
direction of the laminations.

In this aspect, the present invention suggests employing
such particles in the construction of the stator bar 16 and
shoes 18, but arranging them so that they have a preferential
direction, or at least plane, of low reluctance, which is pref-
erably lower than normally provided by such particles. In the
case of the bar 16, this preferential direction is in planes
parallel to the axis 16a. In the case of the shoes 18, a minimum
reluctance is desirably arranged in planes perpendicular to the
longitudinal axis 16a. This can be provided in several ways,
although fundamental is the separate construction of the bar
16 and shoes 18, as shown in FIG. 6a, and their subsequent
assembly.

Thus, the bar 16 of FIG. 6a is manufactured from round,
insulation-coated, soft-iron particles. These particles are first
flattened into disc-like components, before being placed into
a mould and finally pressed together. The mould is arranged
so that the direction of pressing of the particles, and their
initial distribution prior to pressing, is such that the major
dimensions of the particles lie in a plane that is parallel to the
axis 16a. This might most conveniently be achieved, albeit
only partially, by commencing with essentially round par-
ticles in the mould and pressing them together in a direction
perpendicular to the axis 16a. For example, pressing
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upwardly in the direction of the Arrow A not only flattens the
particles in a plane orthogonal to the direction A, but also
tends to spread them in the direction of the Arrows B.

Ideally, however, the particles are elongate and are
arranged in the mould with their long axis parallel to the axis
16a. This can be achieved by employing a magnetic field to
align the particles. In that event, the line of minimum flux for
the component is not just in planes parallel to the axis 16a, but
actually in that specific direction.

On the other hand, the shoes 18 are preferably manufac-
tured by pressing round particles in a direction parallel to the
axis 16a so that, during the compaction process, they spread
laterally in the plane perpendicular to the axis 16a. When the
shoes 18 and bar 16 are assembled together, the magnetic flux
can therefore travel with minimum reluctance through the bar
16 in the direction of the longitudinal axis 164 and exit the
bars 16 both in the direction of the axis 16 from the end 164
of the bars to enter directly the air gaps 26a, b, but also
orthogonally into the shoe peripheries 18¢, as can be seen
from the magnetic flux arrows indicated in FIG. 6d.

In apreferred arrangement, the stator bars 16 also comprise
a lamination roll, which can improve the directional bias of
minimum reluctance. Thus, in FIG. 65, a roll 90 of insulation-
coated steel is arranged in a mould (not shown) with its axis
parallel the (ultimate) axis 16a of the bar 165 to be formed.
The mould is then filled with particles that are pressed and
compacted around the lamination roll so that a plane of mini-
mum reluctance of the particles is parallel the axis 16a. They
surround the roll 90 and give the bar its desired trapezium-
shaped section.

An alternative construction is to form a trapezium-shaped
core 92 of pressed soft-iron particles having at least a plane of
minimum reluctance parallel the axis 16a. A lamination roll
94 is then wound around the core 92 and results in a stator bar
16¢ having the desired external sectional shape.

Both the bars 165, ¢ of FIGS. 65 and ¢ each have prefer-
ential directions of minimum reluctance parallel to the axis
16a. Collars 18¢, formed from pressed, soft iron particles,
have minimum reluctance planes perpendicular to the axis
16a. When assembled, the bar and collars result in a stator
core that has an extremely low-reluctance and is directionally
optimized.

The invention is further described with reference to FIGS.
7 to 13 illustrating a particular construction of motor 100.
Again, while a motor is described, it should be understood
that the principles also apply directly to a generator. The
motor 100 is, in fact, two motor slices 1004, b bolted together.
Each motor slice 100q, b has a tubular housing 102a, 5 having
radially planar end faces 104a, b whereby several housings
102 can be bolted together end to end by bolts and nuts 106
passing through bosses 108 arranged around the housings
102a, b. Indeed, the motor 100 can be mounted in a vehicle,
for instance, using the bosses 108 as mounting flanges.
Despite being bolted together and being a composite motor
100, each motor slice 1004, b is independent of one another,
as described further below, and can be driven at its own speed
and torque, as required by a motor management system,
which is not described further herein. However, as also
explained further below, the motor slices 102a, 4 could be
connected to a single output drive, thereby doubling the out-
put torque available. Indeed, there is no limit to the number of
motor slices that can be stacked together.

Thus, each motor slice 100q, b has a stator 112 having a
plurality of stator coils 122 mounted on stator bars 116 having
shoes 118a, b. The coils 122 are spaced circumferentially
around the rotor axis 120, as shown in FIG. 10 and there are
18 of them in the motor of FIG. 10. Each stator coil shoe 118a,
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b is received in a pocket 150 of an annular non-electrically
conducting, non-magnetic clamshell 1424, 5. The clamshells
are fixed around their outer periphery 1434, b to internal
flanges 144a, b of the motor housings 1024, b.

The internal edges 1454, b of the annular clam shells
142a, b are mounted on flanges 147a, b of an essentially
tubular inner stator housing 146. Itis to be noted that the inner
stator housing component 146, together with the clamshells
142a, b and the motor housing 102 complete an annular
chamber 152 in which the stator coils are disposed.

Turning to FIG. 11, the motor housing 102 is provided with
a port boss 154, provided with an inlet 156 for cooling
medium. Inside the chamber 152 barriers 158 are disposed
between the first coils and the housings 102,146 to divide the
chamber 152 into two parallel annular passages 152a, b. Each
is supplied with their own respective branch 1564, b of the
inlet port 156. The parallel passages 1524, b are separated by
the coils 122, between which there are gaps 155. Thus, cool-
ing medium circulating in the passages 1524, b can cross and
circulate around the entire periphery of the coils 122. After
completing a circuit around the motor (in a contra flow direc-
tion, it is to be noted, that will encourage turbulence through
and between the gaps 155) the cooling medium exits the port
boss 154 by outlets 1604, 5. They join at port 160 (see FIG.9)
and return the cooling medium to a pump and heat exchanger
(neither shown) from whence it came. Alternative approaches
are quite feasible:

1) The cooling fluid is pumped straight through the
machine, with the inlet near the bottom of the machine, and
the outlet near the top. The fluid may flow around the outer
and inner radii of the coils, some fluid also flowing between
the coils. This is the most simple cooling path to implement,
but probably the least effective;

2) The cooling fluid is forced to zig-zag around the motor,
moving between the outer and inner radius on 2-8 occasions
(by blocks disposed between the coils and the stator housings
102,146) so that the fluid is forced in between the coils, which
is generally the hottest part of the machine;

3) The cooling flow is split (as described above), with some
flowing around the inner diameter of the coils, and the rest
flowing at the outer diameter in the opposite direction. Some
fluid flow will also occur between the coils; and

4) In a particularly preferred arrangement, the cooling flow
is as illustrated in FIG. 115 in which one inlet 156' and one
outlet 160' is provided, with blocks 158a on either side of coil
122a between the inlet and outlet. Blocks 1585 are periodi-
cally disposed around the machine firstly (15851) and lastly
(15852) on the outside of coils 122 b, ¢ and between at least
one block 158¢ on the inside of coil 122d. By this arrange-
ment the flow enters the inlet 156 and begins around the
outside of the machine, but is directed by the first block 1585
1 to transition to the inside of the chamber 152, between
different ones of intervening coils 122d. From there, flow
continues circulation around the machine but is forced by
block 158¢ to transition back to the outside of the chamber.
Further around the machine, block 15852 obliges transition
back to the inside and, finally, in order to exit the machine
through outlet 160, blocks 1584 force transition a final time
back to the outside. In FIG. 115, there are four transitions.
However, any even number of transitions is possible, or even
an odd number if the inlet and outlet are arranged one on the
outside of the machine (as shown) and the other on the inside
(not shown).

Turning to FIGS. 8 and 9, the inner stator housing 146 has
a central internal flange 162 on either side of which are
disposed bearings 1644, b. The bearings 164a, 5 mount rotors
114a, b. The rotors are connected together across internal
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flanges 166a, b. These are tubular and are provided with
spaced bosses 168 to receive nuts and bolts 170 that connect
the two rotors 114q, b together. Thus, the rotors 114q, b are,
to all intents and purposes, a single, integral structure.
Extending from the cylindrical flanges 1664, b are dish-
shaped wings 172a, b that terminate in an annular section
174a, b on which magnets 1244, b are mounted. Indeed, the
extensions 174q, b are preferably provided with pockets 176
to receive the magnets and firmly locate them.

Between the magnets 124q, b and the clamshells 1424, b
are air gaps 126a, b. As will be well understood in motor
technology, the air gaps should be as small as possible in order
to reduce the reluctance of the magnetic circuit. However, the
arrangement of the motor described with reference to FIGS. 7
to 13 permits a very narrow air gap to be engineered by virtue
of the few manufacturing tolerances that have to be accom-
modated in assembly of the motor 100a, b. Because the bear-
ings 164a, b represent a significant source of lost motion the
rotors are adapted to apply a pre-stress to the bearings, which
pre-stress is limited by a spacer 180 disposed between them.
Of course, the axial dimension of the spacer can be honed to
ensure a tight fit. However, apart from the bearing there are
relatively few other components whose tolerances stack up
and necessitate a large air gap. Of course, one such compo-
nent is the stator 112 itself, for which the dimensions of the
flanges 1474, b of the inner stator housing 146, and the
depending flanges 144a, b, as well as the dimensions of the
clamshells 142a, b, are critical in ensuring the smallest pos-
sible air gap 1264, b, despite the presence of a wall formed by
the clamshell being included therein. Moreover, it is apparent
that any stresses in the rotor will result in torsional (that is,
about axes perpendicular to the rotation axis 120, or in linear
stresses in that direction) that must be accommodated by the
stator 112. However, the series of stator bars and shoes span-
ning the chamber 152 provide significant diagonal reinforce-
ment within the chamber 152 to render the inner housing 146
extremely secure in an axial direction.

Furthermore, the concept of mounting the rotor 114
directly in the stator 112 has two further beneficial effects.
The first is connected with the general principle of the motor
design which demands that the magnets 124 and coils 122 be
disposed as far as possible from the rotation axis 120 so that
the magnetostrictive force acting between the coils and mag-
nets translates into maximum torque about the rotation axis.
This means, however, that, if the fixing of the rotor with
respectto the stator is at distance that is not much less than the
radius of the magnets/coils, the rotor must be very rigid over
that distance. By mounting the rotor directly on the stator that
distance is reduced and therefore the rotor need not be so
rigid. Alternatively, the air gap can be smaller. Secondly, by
connecting the rotor using a dish shaped annulus 172 that
transforms into a tubular body 166, a further return path 30'
(see FIG. 8) for the magnetic flux is created. At least, this is
the case if the rotor is made from a ferromagnetic material.
This additional flux path is advantageous because it reduces
the requirement for the flux to confine itself to a circumfer-
ential direction in the flanges 174 between magnets but also
permits an alternative return path for each magnet-coil-mag-
net circuit. The overall reluctance of the magnetic circuit is
thereby reduced.

It should be appreciated that the axial force applied to each
rotor due to the magnets is significant, and it increases as the
air gap reduces and may be of the order of 75S00N per rotor. As
a result of this, the axial support of the rotors is extremely
important and thus the bearing(s) between the stator and rotor
need to provide a strong and stable reaction to this force. If the
rotors are perfectly located on either side of the stator, there is

5

10

15

20

25

30

35

40

45

50

55

60

14

anet axial force of zero, but to achieve this requires tight build
tolerances and a stiff bearing assembly. However, by mount-
ing the rotor directly inside the stator as described herein, that
accuracy is achievable within reasonable cost. The flange 162
against which the bearings seat and locate, axially, is critical
in this regard.

Indeed, with reference to FIGS. 8 and 11, there are certain
geometrical features of an embodiment ot a machine accord-
ing to one aspect of the present invention. As mentioned
above the coils 112 have an external radius R,. By that is
meant the radius of the smallest circle that encompasses all
the coils. Likewise, they have an internal radius R, which
correspondingly is the radius of the largest circle that fits
within the confines of all the coils. The coils are sensibly
arranged in a circle around the rotor axis 120, but that is not
absolutely required. However, the radius r of the bearings
164a, b, being here the radius of the circle just touching the
innermost part of the rolling elements of the bearings, is
arranged as large as possible and is preferably related to stator
radius R, by the expression:

r=k*R,

where k; is between 0.5 and 0.9 in value.
Indeed, the coils have radial (C,) and circumferential (C,)
extents, where

C,=R,-R,.

Although the circumferential extent can be anything, it is
defined as the centre-to-centre arc, centred on the rotor axis
120, between adjacent coils. However, one convenient motor
has the following relationships:

Ri=ky*R,
; and

C1=k3*Cy

Where k, is between 0.5 and 0.8, and k; is between 0.75 and
2.0.
In fact, the relationship may be taken further such that:

r=k*R,
, where

k=k, %%

k preferably has a value between 0.3 and 0.6, and may be
about 0.45 in one suitable arrangement.

Although the bearings 1644, b are shown as ball bearings
having their own races, the design permits bearing surfaces to
be formed on respective frusto-conical or cylindrical surfaces
of the inner stator housing 146 and cylindrical flanges 166,
and for taper roller bearings, confined to a cage, to be dis-
posedbetween them. This can result in even tighter tolerances
being achieved. As mentioned above, the rotor components
are constructed from a ferromagnetic material such as steel
and may be cast or forged and machined as required. How-
ever, the inner stator housing 146, and indeed the motor
housing 102, is conveniently cast from non-magnetic mate-
rial such as aluminium (alloy). Even aluminium can have a
hardened bearing surface however. In this event, a flange 162
is not employed. In any event, the present design enables an
air gap in the order of 1.0 mm (0.1 mm) to be maintained at
minimum manufacturing cost.

As mentioned above, the two motors 100q, b are indepen-
dent. The rotors 114 are not connected to each other. How-
ever, they clearly could be, by disposing an appropriate spacer
between them, and extending the bolts 170 so that they pass
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through both rotors. Indeed, there is nothing to prevent further
motors being added in series, so that three or more motors
could be employed in tandem. As can be seen in the drawings,
the sides of the composite motor are closed by covers 178 that
are a press fit inside internally-cylindrical extensions 102¢, d
of the motor housings 102. The covers are dished pressings
and are a press fit inside the extensions 102¢, d although other
methods of fixing are conceivable. They have a central open-
ing through which a motor out put 190 extends.

The output 190 comprises any suitable component and
may be a shaft. Here, it is shown as a standard drive hub
having a tripod-cup 192 for reception of a shaft (not shown)
having a three-lobed yoke. A seal (not shown) would nor-
mally be disposed between the cover 178 and the hub 190 to
isolate the internal environment of the motor 100. The hub
190 is connected by an annular disc 194 to the rotor 114. The
disc 194 is secured to the rotor by the bolts and nuts 170, and
to the hub 190 by bolts (not shown) in apertures 196 in the hub
190. Indeed, it is an aspect of the direct mounting of the rotor
on the stator that the output configurations possible without
any disturbance of the motor design is possible. Thus, the
shaft-less topology allows for a wide variety of output con-
figurations, including:

Automotive “constant velocity” (CV) joint housing;

Splined shaft (either male or female); and

Flat drive plate with any hole pattern.

In one application, in which the motor 100 illustrated in
FIGS. 710 13 is particularly intended, the motor is arranged to
drive two vehicle wheels. A further motor could be arranged
to drive other pairs of wheels in multi-axle vehicles. The
motor would be arranged substantially centrally between the
wheels with drive shafts extending from each of the two drive
hubs 1904, b. There would be no requirement for any differ-
ential, because each motor-slice could be driven indepen-
dently with constant torque. The machine in this arrangement
may operate as both a motor and a generator, particularly in
hybrid vehicles, but certainly at least when employing regen-
erative braking.

As is evident from the description above, the covers 178 are
merely dust excluders and protect the internal components of
the machine 100. They have little if any structural role. The
structural connections between a fixture (such as a vehicle in
which the machine is disposed) and the output are as follows.
The fixture is connected to the motor housing. The motor
housing structurally mounts the stator. The stator structurally,
although also rotationally, mounts the rotor. The rotor struc-
turally mounts the output, which is not otherwise structurally
supported by the motor housing. Here, the term “structurally”
is being used in the sense that the mountings are the main or
only mountings for the component in question. In many
known scenarios, for example, a housing mounts a stator and
also (rotationally) mounts a rotor. It could be suggested there-
fore that the stator mounts the rotor. However, such mounting
is incidental and is not what is meant herein by structural
mounting through the substantially exclusive agency of the
component in question. Of course, in that regard, a seal dis-
posed between the cover 178 and the hub 190 neither
“mounts” the hub on the cover, let alone structurally, and does
not disturb the fundamental structural mounting of the hub in
the housing through the agency of the rotor and stator.

It can be seen that by mounting the rotor directly on the
stator at a distance from the rotation axis, a substantial hollow
space is created inside the rotor. Depending on the applica-
tion, this provides an opportunity to dispose a gearbox, par-
ticularly a planetary gearbox, inside the motor. To some
extent, in many circumstances with a machine of the present
design, a gear box is not necessary because the electronics
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required to manage the coils can enable the machine to oper-
ate at a substantially constant maximum torque (subject sub-
stantially only to cooling limitations) over a wide range of
speeds, for example torques of 500 Nm per motor slice, to
rotational speeds in excess of 3000 rpm, are feasible. Never-
theless, this option is distinctly available.

This arrangement also has the advantage of facilitating
interconnection of machines in tandem, because there is no
requirement to disturb the journal arrangement of the rotor in
the housing as would normally be the case where the rotor is
supported in bearings fixed in the housing. Clearly, there is
some scope for debate as to where a stator begins and a
housing in which it is fixed ends. Indeed, the invention pro-
vides, in motor terms the following non-exclusive list of
options:

(a) A single 500 Nm slice with a spline output;

(b) Two independently-controlled 500 Nm slices, each
with their own CV-type output for automotive applica-
tions;

(c) Four slices joined as two pairs (1000 Nm per pair), each
pair with a CV-type output, again potentially for (high
performance) automotive applications;

(d) Four slices fixed rigidly together giving 2000 Nm;

Reference is made to FIG. 8, in which the bottom half
differs from the top half of the drawing by virtue of the rotors
114a, b being interconnected by bolts 170a that extend
through aligned bosses, although spaced by spacer sleeve
169. In fact, there is no reason why there should not be two
outputs, as previously described, provided no differential is
required, but in the lower half of FIG. 8, left-hand cover 178'
is completely closed, and left-hand rotor 114a does not have
a disc 194 and hub 190 connected to it. Instead drive is to (or
from) a single hub 190 and disc 194 connected to the right-
hand rotor 1145. Indeed, the four slice motor (not shown) can
be made simply by continuing the addition of rotors 114
leftwardly in FIG. 8. Alternatively, a dual-drive four-slice
motor can be achieved simply by mirroring the arrangement
in the bottom half of FIG. 8, removing the continuous covers
178' and connecting the annular housings 102 of each pair
together.

Another element to note is that a slice doesn’t necessarily
have to be a further motor slice 100a, 5—itcould be a separate
gearbox slice to provide an alternative torque-speed balance.
So, in example (a) above, the slice could be added to an
epicyclic gearbox that steps the rotational speed down by, for
example, a factor of 4:1. This would reduce the maximum
output speed but will conversely give 2000 Nm torque (500
Nmx4) from a very light weight assembly. Of course, these
figures apply to the topology illustrated in FIGS. 7 to 13
employing 18 stator poles and 20 magnets per rotor. However,
other options are of course available, in either direction, down
to 300 Nm and upwards of 1000 Nm.

Although the motor 100 of FIGS. 7 to 13 is shown without
the features of the embodiments described above with refer-
ence to FIGS. 4 to 6, those features can advantageously be
incorporated, as desired. Of course, the embodiments
described with reference to FIGS. 4 and 5 are mutually exclu-
sive.

Turning to FIGS. 144, b and ¢ and 15a and b, two alterna-
tive forms of the magnetic part of a rotor is shown. In FIGS.
14a, b and ¢, arotor disc 214 comprises an annulus of separate
magnets 224 having their North-South poles arranged paral-
lel the rotor axis. To the rear of each magnet and bridging
adjacent ones of them are wedge shaped pieces 226 of mag-
netic material comprising the back iron for the magnetic
return paths, optimized to minimize weight while maintain-
ing the maximum low reluctance return path for the magnetic
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flux. In the side view in FIG. 14¢, an aluminium or other
non-magnetic substrate 240 (not shown in FIGS. 14a and b)
may be cast in the shape of the rotor components 114a, b
described above and shown in FIGS. 7 to 13.

The pieces 226 may conveniently be pressed from soft
magnetic composite (SMC) material and have a central trian-
gular ridge 228 that, when assembled, is symmetrically dis-
posed around the radial direction with respect to the rotor
axis. Hach piece 226 has an edge 230 that is also radial with
respect to the axis 20, when assembled, and is arranged cen-
trally of the magnets 224. Between the edges 230 is, on one
side, a plane face 227 that is in the radial plane and abuts the
magnets 224 (except in the gap between them). On the other
side, flanks 229 rise from the edges 230 to the ridge 228. Bolts
232 may be employed to bolt both the magnets 224 and back
iron (or also referred to as connecting) pieces 226 to the
substrate dish 240, the dish being seated on the flat ridges 228
of the pieces 226. Indeed, the gaps 240 may be left empty in
order to encourage cooling airflow, or may be filled with for
example, plastics material to improve rigidity.

The flux lines 30" encouraged by this arrangement are
shown in FIGS. 144 and c. While this embodiment does not
exhibit the return path 30' around the bearings as described
above, nevertheless, the weight and ease of manufacture of
the rotor 214 might be more important than outright motor
efficiency. Being able to construct the substrate 240 from a
non magnetic material enables it to be cast from a light mate-
rial such as aluminium having maximum strength by virtue of
the shape it can be provided with.

In FIG. 15a and b, a still further embodiment of rotor
magnetic part 214' is shown. As with the arrangement of
FIGS. 144, b and ¢, this part is intended to be mounted in a
non-magnetic carrier 240 such as aluminium or the like. Dif-
ferent from the previous embodiment, however, here, the part
214' comprises an annular disc of alternating permanent mag-
net elements 224' and ferromagnetic connecting pieces 226'.
The magnets 224' are oriented with their magnetic axes in a
circumferential direction, orthogonal with respect to the mag-
nets of the previous arrangement. The polarity of the magnets
alternates between adjacent magnets so that the flux is driven
out of the connecting pieces towards the shoes 18' of the stator
12' (or sucked in from the shoes) so that the connecting pieces
effectively adopt the role of the magnetic poles insofar as the
stator 12' is concerned, and as indicated in FIGS. 154 and 5.

The primary purpose of the arrangement in FIG. 154 is, of
course, to reduce the cost and weight of the motor. This is not
to suggest that, magnetically, this is a better arrangement, but
the mass of relatively heavy magnetic elements is reduced,
whereby a lighter machine is rendered possible.

Throughout the description and claims of this specifica-
tion, the words “comprise” and “contain” and variations of
them mean “including but not limited to”, and they are not
intended to (and do not) exclude other moieties, additives,
components, integers or steps. Throughout the description
and claims of this specification, the singular encompasses the
plural unless the context otherwise requires. In particular,
where the indefinite article is used, the specification is to be
understood as contemplating plurality as well as singularity,
unless the context requires otherwise.

Features, integers, characteristics, compounds, chemical
moieties or groups described in conjunction with a particular
aspect, embodiment or example of the invention are to be
understood to be applicable to any other aspect, embodiment
or example described herein unless incompatible therewith.
All of the features disclosed in this specification (including
any accompanying claims, abstract and drawings), and/or all
of the steps of any method or process so disclosed, may be
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combined in any combination, except combinations where at
least some of such features and/or steps are mutually exclu-
sive. The invention is not restricted to the details of any
foregoing embodiments. The invention extends to any novel
one, or any novel combination, of the features disclosed in
this specification (including any accompanying claims,
abstract and drawings), or to any novel one, or any novel
combination, of the steps of any method or process so dis-
closed.

The reader’s attention is directed to all papers and docu-
ments which are filed concurrently with or previous to this
specification in connection with this application and which
are open to public inspection with this specification, and the
contents of all such papers and documents are incorporated
herein by reference.
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The invention claimed is:

1. An electric machine comprising a rotor having a rotation
axis for rotation with respect to a stator, the rotor having
permanent magnets and a stator having coils wound on stator
bars for interaction with the magnets across an air gap defined
between them, wherein the bars have shoes that link magnetic
flux through the bars with said magnets, and wherein the bars
and shoes are formed separately from one another and at least
apart of the shoe is formed by moulding soft-iron particles so
that the particles have a short dimension that is arranged
transverse a reluctance-plane of the shoe, said reluctance-
plane of the shoe being a plane of minimum reluctance of the
shoe, the bars include a rolled sheet of ferromagnetic material
whose axis of roll is arranged parallel a longitudinal axis of
the bar and defines a reluctance plane of the bar, the reluc-
tance plane ofthe bar being a plane of minimum reluctance of
the bar, and the bars and shoes are assembled so that said
reluctance-plane of the bar is parallel a longitudinal axis of
the bar and said reluctance-plane of the shoe is transverse said
longitudinal axis.

2. An electric machine as claimed in claim 1, in which the
particles of the shoes have a single longitudinal dimension,
and said reluctance-direction is radial with respect to said
longitudinal axis when the bars and shoes are assembled.

3. An electric machine as claimed in claim 1, in which said
moulding of said soft-iron particles is by pressing round soft
iron particles in a direction transverse to said reluctance-
plane of the shoe whereby the particles are flattened to pro-
duce said short dimension.

4. An electric machine as claimed in claim 1, in which said
moulding is of already flattened particles, or of already elon-
gate particles.

5. An electric machine as claimed in claim 4, in which
elongate particles are aligned prior to moulding by use of a
magnetic field.

6. An electric machine as claimed in claim 1, in which the
rotor has two stages arranged one at either end of the bars and
shoes are provided at each end of each bar.

7. An electric machine as claimed in claim 1, in which the
machine is an axial flux machine and the bars are arranged
parallel the rotor rotation axis.

8. An electric machine as claimed in claim 1, in which said
roll is disposed around a shaped soft-iron pressed-particle
core, whereby the cross section of the bar perpendicular said
longitudinal axis is substantially trapezoidal.
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9. An electric machine as claimed in claim 1, in which said
roll is the core of a shaped annulus of pressed soft-iron par-
ticles, whereby the cross section of the bar perpendicular said
longitudinal axis is substantially trapezoidal.

10. An electric machine comprising a rotor having a rota-
tion axis for rotation with respect to a stator, the rotor having
permanent magnets and the stator having coils wound on
stator bars for interaction with the magnets across an air gap
defined between them, wherein the bars have shoes that link
magnetic flux through the bars with said magnets, and
wherein the bars and shoes are formed separately from one
another and at least a part of the shoe is formed by moulding
soft-iron particles so that the particles have a short dimension
that is arranged transverse a reluctance-plane of the shoe, said
reluctance-plane of the shoe being a plane of minimum reluc-
tance of the shoe, the bars include molded soft-iron particles
so that the particles have a short dimension that is arranged
transverse a reluctance plane of the bar, said reluctance-plane

10

15

of'the bar being a plane of minimum reluctance ofthe bar, and 20

the bars and shoes are assembled so that said reluctance-plane
of the bar is parallel a longitudinal axis of the bar and said
reluctance-plane of the shoe is transverse said longitudinal
axis.
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11. An electric machine as claimed in claim 10, in which
said particles of at least the bars have a single longitudinal
dimension and said particles are also aligned so that their
longitudinal dimension is parallel a reluctance-direction in
said reluctance-plane of the bar, said reluctance-direction of
the bars being parallel said longitudinal axis of the bar.

12. The electric machine as claimed in claim 10, in which
said moulding of said soft-iron particles is by pressing round
soft iron particles in a direction transverse to said reluctance-
plane of the bar whereby the particles are flattened to produce
said short dimension.

13. The electric machine as claimed in claim 10, in which
said moulding is of already flattened particles, or of already
elongate particles.

14. The electric machine as claimed in claim 13, in which
elongate particles are aligned prior to moulding by use of a
magnetic field.

15. The electric machine as claimed in claim 10, in which
the rotor has two stages arranged one at either end of the bars
and shoes are provided at each end of each bar.

16. The electric machine as claimed in claim 10, in which
the machine is an axial flux machine and the bars are arranged
parallel the rotor rotation axis.
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